Thermal stability and electrical resistivity of SiTaNx heating layer for phase-change memories by Cheng,Huai-Yu
Journal of The Electrochemical Society, 153 7 G685-G691 2006 G685Thermal Stability and Electrical Resistivity of SiTaNx Heating
Layer for Phase-Change Memories
Huai-Yu Cheng,a Yi-Chen Chen,b Chain-Ming Lee,b Ren-Jei Chung,a and
Tsung-Shune China,z
aDepartment of Materials Science and Engineering, National Tsing Hua University, Hsinchu 300, Taiwan
bIndustrial Technology Research Institute, Chu-Tung 310, Taiwan
Highly resistive SiTaNx amorphous films were studied focusing on their use as heating layers for phase-change random-access
memory PCRAM. The measured electrical resistivity of SiTaNx films between 0.069 and 1.21  cm fulfills the requirements of
a suitable heating layer suggested by simulations and is determined by nitrogen content which is tunable up to 52.8%. The SiTaNx
films with higher nitrogen contents showed excellent thermal stability with amorphous structure sustained until at least 900°C.
However, these samples exhibited a high degree of temperature-dependent resistivity and showed a negative temperature coeffi-
cient of resistance TCR at the temperature range 400–500°C. The negative TCR increases with increasing N content and
Si/Si + Ta ratio. The binding energy of SiTaNx films changes with nitrogen content and Si/Si + Ta ratio, conforming with the
performance of electrical resistivity. By considering electrical resistivity at the range 0.1–0.15  cm and low TCR, SiTaNx
compositions, 33.5–34.5 Si, 15.0–16.0 Ta, and 48–50 N in atom %, are recommended optimal for PCRAM heating layers. The
single cells with a SiTaNx heating layer underwent preliminary testing.
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0013-4651/2006/1537/G685/7/$20.00 © The Electrochemical SocietyA one-dimensional heat conduction model was reported success-
ful to simulate the operation conditions of phase-change random-
access memory PCRAM.1 It was revealed that inserting a highly
resistive heating layer 10 nm between the bottom electrode and
phase change material could successfully decrease operation current,
which is currently quite high, and is the biggest problem in the
commercialization of PCRAM. The simulation results revealed that
an inserted heating layer with an electrical resistivity elec higher
than 0.1  cm and with thermal conductivity  and specific heat c
as low as those of phase change material, such as Ge2Sb2Te5 GST,
was suggested to be able to effectively lower the operation current.1
The effect of resistivity was elucidated to be much more significant
than those of thermal conductivity and specific heat.1 For example,
it was reported that if the electrical resistivity of the heating layer is
5 times different e.g., 0.1 and 0.5  cm, respectively, it makes a 5
times difference in heating effect they could heat GST thin films to
a temperature as high as 500–2500°C, respectively.1 However, if
the difference in thermal conductivity is also 5 times e.g., 5 and
1 W m−1 K−1, respectively, it makes only 50°C differences in tem-
perature the temperatures around GST were 450 and 500°C, re-
spectively, and so did the heating effect for the change in specific
heat of heating layer.1 Therefore, in the current study only electrical
resistivity was concerned. A device with a highly resistive TiON
layer 7 nm which was sandwiched between a TiN electrode and
Ge1Sb2Te4 was reported to present lower reset and set voltages than
those without.2 It is believed that the selection of right materials as
the inserted heating layer could be an excellent way to facilitate
advancement of PCRAMs.
There has been much research on Ta-rich TaSiN materials, such
as their use as a diffusion barrier in devices of GaAs, and conductors
such as Cu, Pt, and Al/Si for early periods, among many others.3-9
The requirements as barrier materials have been known as good
conductivity such as for Cu interconnects4,5 and for ferroelectric
capacitor cells6,7, high resistance to oxidation,10 thermal
stability,11-13 and the capability to prevent interdiffusion in each el-
ement. Amorphous Ta–Si–N films exhibit excellent barrier proper-
ties because they lack grain boundaries and have a wide range of
composition for high conductivity and good thermal stability. Until
now, the Ta–Si–N materials are the most popular diffusion barrier
materials and have attracted enormous attention.
The purpose of this study was to exploit suitable Si-rich SiTaNx
compositions with a high electrical resistivity to serve as the heating
z E-mail: tschin@mx.nthu.edu.twDownloaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to Elayer for PCRAM. This material was expected to be different from
the highly conductive Ta–Si–N for interconnects in Cu processing
and ferroelectric capacitor cells. The resistivity of Ta–Si–N films
was reported to enormously increase with higher nitrogen
contents.10 In this study, Si–Ta–N films with higher electrical resis-
tivities fulfilling the simulation requirements were considered. The
selection of highly resistive heating layer of Si–Ta–N films was
evaluated according to crystallinity, microstructures, surface rough-
ness, thermal stability, and temperature dependence of electrical re-
sistivity. The chemical bonding of these Si–Ta–N films was also
explored by X-ray photoelectron spectroscopy XPS analysis.
Experimental
SiTaNx thin films with different compositions, fixed at a thick-
ness of 100 nm, were sputter-deposited onto the Si100/SiOx sub-
strate at room temperature by radio frequency rf magnetron sput-
tering using a Si2Ta target under a gas mixture of N2 and Ar, 4
 10−3 Torr. The ratio Ar/N2 was varied in order to change nitro-
gen content and thus, the resistivity of deposited thin films to fulfill
our demands, which were 0.1–1  cm.1 The composition of thin
films was measured by an electron probe X-ray microanalyzer
EPMA, JEOL JXA-8800M. The samples for EPMA analysis had a
thickness greater than 1 m on Si substrate to avoid the substrate
effect. The electron-beam of the EPMA was operated at 15 kV and
a beam current 1.5 nA. The crystalline structure of the as-deposited
and annealed thin films was determined by grazing incident angle
X-ray diffraction MacScience MXP18 with Cu K1 radiation at
0.5° incident angle. Atomic force microscopy AFM was used to
investigate surface morphology of thin films, as-deposited and after
annealing. The films were annealed under Ar ambient at tempera-
tures from 500 to 800°C for 30 min. The electrical resistivity of
SiTaNx films and its temperature dependency were investigated by
the four-point probe method. It was measured from room tempera-
ture to 500°C at a ramp rate of 50°C/min in Ar ambient using an HP
4145, keeping track of the data by 0.5°C intervals with dynamic
recording.
The chemical bonding characteristics of SiTaNx films were ex-
amined by XPS PHI Quantera SXM. The surface was cleaned by
Ar+ sputtering before XPS experiments. A Mg K X-ray monochro-
mic source was employed in the spectrophotometer whose instru-
mental energy resolution E/E was estimated to be 0.1–0.8%.
The switching characteristics of single cells having an inserted
SiTaNx heating layer 10 nm between the W bottom electrode
200 nm and Ge2Sb2Te5 100 nm were studied by current–voltage
I–V curves measured using an HP4156.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Table I shows the composition, surface roughness, and the elec-
trical resistivity of thin films as-deposited under different Ar/N2
ratios. The measured resistivity between 0.069 and 1.21  cm in-
creases with increasing nitrogen content and fulfills the requirements
obtained from simulation, except for composition A which is
nitrogen-free for comparison. The relationship between electrical re-
sistivity and Si/Si + Ta ratios is shown in Fig. 1. The Si/
Si + Ta and nitrogen ratios in the current study are around 65–
70% and 45.3–52.9%, respectively, being significantly higher than
the reported values.4,10-13 However, electrical properties of such Si-
rich SiTaNx films are very sensitive to Ar/N2 ratios during sputter-
ing. For compositions D and E, the difference in nitrogen contents is
0.65 atom %, while the resistivity of composition E is twice that of
composition D. This might arise from the different Si–N bonding in
those films with higher nitrogen contents and higher Si/Si + Ta
ratios. These are discussed in detail later.
Figure 2 shows the AFM morphology of an as-deposited,
nitrogen-free SiTaNx thin film, composition A, typical of all other
nitrogen-containing films. The root–mean–square rms value of sur-
face roughness, as also presented in Table I, is 0.16–0.46 nm. Thin
films without nitrogen exhibited a much smoother surface, and all
the as-deposited SiTaNx films are amorphous, as shown in Fig. 3.
The SiTaNx films were annealed at temperatures from 500 to
900°C in Ar ambient for 30 min to determine the thermal stability
and the resultant crystalline structures, as presented in Fig. 4. The
nitrogen-free Si–Ta films crystallized at 600°C, and the film an-
nealed at 700°C exhibited the two strongest peaks of Si2Ta. All
other compositions with substantial nitrogen content showed excel-
lent thermal stability with amorphous structure sustaining until at
least 900°C.
The thermal stability of SiTaNx thin films was also determined
by microstructure studies through the annealing tests at different
temperatures. Figure 5 shows the 2D AFM morphologies of SiTaNx
Table I. The relationship between composition, roughness, and resis
TaSi2
60 W
Ar
sccm
N2
sccm
Roughness
nm
A 20 0 0.156
B 35 2.2 0.457
C 31.2 2.2 0.361
D 26.5 2.1 0.444
E 25 2.1 0.330
Figure 1. The relationship between electrical resistivity and Si/Si + Ta
ratio.tivity of films A–E.
Composition atom %
Resistivity
 cmTa Si N
34.6 65.4 0.226  10−3
17.5 37.1 45.4 0.069
15.5 33.8 50.7 0.15
14.9 32.9 52.2 0.52
14.4 32.8 52.8 1.21Downloaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to EFigure 2. AFM morphology of an as-deposited SiTaNx film of compositionFigure 3. XRD patterns of as-deposited SiTaN thin film.x
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sition A, which was nitrogen-free. The crystallization is also mani-
fest, as apparently displayed in the 3D AFM images of Fig. 5f as
well as the proof from X-ray diffraction XRD results in Fig. 4.
There were small grains in local areas of composition B. However,
as nitrogen content is higher than 50 atom %, such as compositions
C–E, the annealed surface remains as uniform and smooth as those
of the as-deposited films. Films C–E thus exhibit excellent thermal
stability. The rms surface roughness values of SiTaNx films after
annealing are shown in Table II. Except for the crystallized nitrogen-
free Si–Ta films and the local crystallized structures in composition
Figure 4. XRD patterns of SiTaNx thin films after annealing at different temDownloaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to EB, the rms roughness values did not vary much after high-
temperature annealing for SiTaNx films with high enough nitrogen
content, i.e., higher than 45 atom %. The SiTaNx films with increas-
ing nitrogen content had higher thermal stability. The crystallized
grains caused a sudden increase in the rms surface roughness after
annealing at high temperatures.
Figure 6 shows the temperature-dependent electrical resistivity
of SiTaNx thin films from room temperature to 500°C. The resistiv-
ity decreases with increasing temperature specifically for those films
with higher nitrogen content. The resistivity of nitrogen-free Si–Ta
films remains almost unchanged until higher temperatures. The re-
ures: a 500, b 600, c 700, d 800, and e 900°C in Ar ambient.peratCS license or copyright; see http://www.ecsdl.org/terms_use.jsp
G688 Journal of The Electrochemical Society, 153 7 G685-G691 2006Figure 5. AFM morphologies of SiTaNx films a–e annealed at 800°C; f 3D images of a.
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perature, typical of semiconducting behavior. The higher the nitro-
gen content the higher the temperature dependency of resistivity.
XPS of SiTaNx films are shown in Fig. 7-9. Figure 7 exhibits the
Ta 4f spectra of SiTaNx films with different compositions. There is
a shift in the binding energy of the Ta 4f peak toward higher values
from 21.7 eV Ta–Ta to 22.4 eV as a result of subtle nitrogen
contaminations of the original Si2Ta target in the chamber system
even in films of composition A, the nitrogen-free Si–Ta films. In
those films, a doublet with the main peak centered at 22.4 eV and a
spin-orbit split of 1.96 eV are manifest. With increasing nitrogen
content and Si/Si + Ta ratios, the bonding shifts to Ta–N peaks
and the corresponding Ta–O peaks are due to film exposure to air
environments. The binding energy at 26.9 eV is assigned to Si2Ta,
thus, Si–Ta bonding shifts a little to higher energy in SiTaNx films
with nitrogen content higher than 52% and tantalum pentoxide
bondings appear.14 The bondings corresponding to Ta–N and Ta–Si
peaks become stronger, and the intensity of tantalum pentoxide
peaks becomes higher with increasing nitrogen and Si/Si + Ta ra-
tios.
Figure 8 presents the XPS spectra of Si 2p. The binding energy
at 102.8 eV of specimen A is considered to be the SiOx peak,14 even
after sputter-cleaning of the surface before measurements. The peak
at 99.1 eV is assigned to Si 2p3/2 in the Si–Ta films; nevertheless,
this peak shifts to 99.3 eV in the Si–Ta–Nx films. With increasing
nitrogen content, the pure Si 2p3/2 peak vanishes and the Si–N
bondings become stronger and stronger. When nitrogen content in
the films is up to 52.8%, the nitride peak becomes the strongest.
The N 1s spectrum of SiTaNx films is presented in Fig. 9. The
spectrum overlapping of N 1s and Ta 4p is in agreement with pre-
vious research.15,16 The peaks at around 397.3 eV that are evidence
of nitride15 gradually become stronger with increasing nitrogen con-
tent.
Table II. RMS roughness (nm) of SiTaNx films after annealing at
different temperatures.
Annealing
temperature
°C A B C D E
As-deposited 0.156 0.457 0.361 0.444 0.330
500 0.143 0.432 0.368 0.449 0.346
600 0.161 0.443 0.351 0.438 0.457
700 0.521 0.427 0.321 0.456 0.411
800 0.563 0.536 0.356 0.478 0.489
Figure 6. Temperature dependence of electrical resistivity of SiTaN films.x
Downloaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to EDiscussion
Film composition vs electrical resistivity.— In order to deposit
films with high electrical resistivity 0.1–1  cm derived from
Si2Ta single target, the only easy way was to vary the ratio of
Ar/N2. The resultant films with such high nitrogen content and large
Si/Si + Ta ratios were inevitable and might bestow advantages of
rendering the SiTaNx thin films more amorphous and more resistant
to oxidation.10,13 As a barrier layer in Cu interconnects and
ferroelectric capacitor cells, such a high nitrogen content and
Si/Si + Ta ratios are purposely avoided because they lead to
higher resistivity, even if their other advantages are attractive. How-
ever, it is expected that SiTaNx films with higher nitrogen content
and Si/Si + Ta ratios will be more suitable for use as the heating
layer in the PCRAM cells.
Thermal stability.— Except for the nitrogen-free Si–Ta films,
those with substantial nitrogen contents showed excellent thermal
stability with amorphous structure sustained until at least 900°C,
which is high enough for PCRAM during operations, which may be
above 1000 K for reset writing.17 It was indicated in the literature
that the higher the nitrogen concentration, the higher the crystalliza-
Figure 7. XPS Ta 4f spectra of SiTaNx films.
Figure 8. XPS Si 2p spectra of SiTaN films.x
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
G690 Journal of The Electrochemical Society, 153 7 G685-G691 2006tion temperature of the TaSiN film.10,11,13 Consequently, the high N
contents of compositions B–E could provide excellent thermal sta-
bility at such a high heating temperature.
The performance of electrical resistivity evidenced by
XPS.— From the results of Fig. 7-9, it is obvious that the bonding of
Si–Ta–Nx films changes with nitrogen content and Si/Si + Ta ra-
tios, thus leading to different electrical and thermal behaviors. TaSi2
and TaN are good conductors, having electrical resistivities of 260
and 166–531  cm, respectively,10,18 while silicon nitrides are in-
sulators. In nitrogen-free Si–Ta films, the bonding is mainly Ta–Ta
or with a little Ta–N and apparently reveals Si 2p2/3. However,
with increasing nitrogen and Si/Si + Ta ratios, the main bonding
shifts to Ta–N and Ta–Si with the “insulating” nitride peaks appear-
ing along with higher intensity. The more nitrogen and higher
Si/Si + Ta ratios in SiTaNx films, the stronger is the“conducting”
Ta–N or Ta–Si bonding, while the higher intensity is “insulating”
Si–N nitrides. Thus, the SiTaNx films show neither pure conductors
nor pure isolators but “semi”-conducting behaviors. This is why the
electrical resistivity of SiTaNx films exhibits a higher dependence on
temperature, as shown in Fig. 6, specifically for those films with
much higher nitrogen content.
Temperature coefficient of resistivity.— Figure 10 shows the
temperature coefficient of resistivity TCR values at 400–500°C
varying with N content and Si/Si + Ta ratio, in order to determine
Figure 9. XPS N 1s spectra of SiTaNx films.
Figure 10. The variation of TCR with composition.Downloaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to Ethe degree of variations in resistivity at this temperature range. The
TCR exhibits a negative tendency because the resistivity decreases
with increasing temperature, similar to semiconductors. The TCR
value of nitrogen-free Si–Ta films is small, because the effect of
metallic-like positive TCR Ta bonding is compensated by
semiconductor-like negative TCR Si bonding in nitrogen-free
Si–Ta films. Thus, the electrical resistivity of nitrogen-free Si–Ta
films shows almost a horizontal line vs increasing temperature.
However, with increasing N content and Si/Si + Ta ratios, the
films as a whole become more “semiconductive,” as manifest by the
larger TCR values. The nature of this semiconducting behavior
arises from the stronger Ta–N and Ta–Si bonding with higher nitro-
gen content, as depicted in the Results section. In the N content
range 48–50 atom %, the TCR values are less than −0.25%. Such
compositions of SiTaNx films could promise high electrical resistiv-
ity, fulfilling our requirements of operation at higher temperatures.
It is undesirable for electrical resistivity a dependence to be too
dependent on temperature for heating layer applications. There
should be a trade-off between thermal stability much higher N con-
tents and lower temperature coefficient of resistivity medium high
N content. Thus, a composition very close to C from B maintains a
low TCR up to 500°C, in the meantime showing excellent thermal
stability corresponding to optimal microstructure, surface roughness,
and crystallinity after annealing tests. It is recommended that the
optimal compositions of SiTaNx films for resistive heating of
PCRAMs are: 33.5–34.5 Si, 15.0–16.0 Ta, and 48–50 N, respec-
tively.
The I–V characteristics of a single cell inserted with a heating
layer.— A cross-sectional transmission electron microscopy TEM
image containing a chalcogenide film Ge2Sb2Te5, an inserted
SiTaNx heating layer, and a W bottom electrode is shown in Fig. 11.
Such a thin SiTaNx film about 10 nm was used. The composition C
of a SiTaNx heating layer was tested to determine the current–
voltage I–V characteristics of the single cell with such a thin ad-
ditional heating layer. Figure 12 shows a typical I–V curve charac-
teristic of the single cell, 100  100 m in size. The contact area of
this single cell is about 0.01 mm2. The threshold voltage is 2.7 V, a
little higher than those shown in technical papers. Additionally, the
total resistance of single cells in series with W top electrode
130 nm, Ge2Sb2Te5 100 nm, SiTaNx heating layer 10 nm, and
W bottom electrode 200 nm are calculated though I–V curves. It is
2900  with the phase change film at amorphous state; on the con-
Figure 11. Cross-sectional TEM image of a fabricated single cell with heat-
ing layer between the bottom electrode and phase change Ge2Sb2Te5 films.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
G691Journal of The Electrochemical Society, 153 7 G685-G691 2006trary, is 30  with the phase-change film at crystalline state. There-
fore a value of about 100 for Ramorphous/Rcrystalline promises the iden-
tification of data.
Conclusions
It was successful to prepare highly resistive SiTaNx films with
different amounts of nitrogen and Si/Si + Ta ratios. The measured
electrical resistivity of SiTaNx films between 0.15 and 1.21  cm
falls in the simulated optimum values of 0.1–1  cm for heating
layer of PCRAM. The amorphous structure of SiTaNx thin films
x  45 atom% are stable up to at least 900°C; thus, they are ex-
cellent candidates as the heating layer for PCRAM by the evalua-
tions of microstructure, surface roughness, crystallinity, electrical
resistivity, and temperature dependency. It is suggested, considering
Figure 12. I–V characteristics of a single chalcogenide memory cell with
SiTaNx as the heating layer.Downloaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to ETCR, that the optimal compositions are 33.5–34.5 Si, 15.0–16.0 Ta,
and 48–50 N, and the single cells with a SiTaNx heating layer un-
derwent preliminary testing.
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